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There has been enormous interest on the study of electronic and
optical properties of II–VI based semiconductor nanostructures for
the past two decades due to the potential applications in opto-elec-
tronic devices with a tunable blue-green wavelength. Among these
semiconductors, ZnSe and ZnTe heterostructures are considered to
be important due to their direct band gaps and being intrinsic n
and p type materials [1]. The exciton binding energies and the
oscillator strengths are found to be larger compared to III–V based
heterostructures and the interband emission energy plays an
important role in laser activities. The exciton binding energy on
Mg based II–VI semiconducting materials as a function of well
width has been dealt [2]. The interaction of exciton with LO pho-
non and the excitonic binding energies have been discussed [3].
In addition to the geometrical conﬁnements, the strain in hetero-
structures and the band offsets are taken into account for tailoring
the band structures [4] in order to improve the quality of opto-
electronic devices [5].
Exciton states have been investigated experimentally in
strained ZnSe (Zn, Mg)Se quantum well structures with a Mg con-
tent of only 3.6% by means of magnetoreﬂectivity and ultrafast
piezospectroscopy very recently [6] with the built-in strain in
barriers and quantum wells leading to a shallow conﬁnement po-
tential. The effect of dielectric mismatch on exciton binding energy
in Mg based II–VI quantum well has been discussed using a varia-
tional method [7]. The exciton binding energies for various: +91 4522415467.
eter).
-NC-ND license.conduction and valence band offsets using a CdZnSe/ZnSSe quan-
tum well have been studied by Zheng et al. [8]. On the basis of
model solid theory, Ben Aﬁa and Belmabrok [9] have computed
the band offsets calculation on II–VI materials and discussed elab-
orately the valence band offset related to heavy and light holes as
well as the conduction-band offset.
The study of exciton and charged exciton in II–VI materials is
very interesting due to the strong Coulombic interaction. Chang
et al. [10] reported the detailed photoluminescence studies of ZnSe
quantum dots grown with different growth parameters and found
that the temperature dependence of the peak emission energy de-
creases with increasing temperature. Binding energies and overlap
functions of exciton ground states in ZnSe/ZnS quantum dots with
small conduction-band offset were studied earlier and it was found
that the binding energies of such excitons were independent of po-
tential [11]. The electron energy levels of ZnSe quantum dots of dif-
ferent sizes have been investigated by the size selective
photoluminescence excitation spectroscopy at low temperature
and compared with the theoretical values [12]. Goswami et al.
[13] investigated the electronic and optical properties of ZnSe/
ZnS and ZnS/ZnSe core shell quantum dots and they established
that a charge transfer from core to shell has a red shift in the
absorption spectra. The exciton and biexciton binding energies
were calculated for a ZnSe/ZnS quantum dot using WKB approxi-
mation and the nonlinear behavior of exciton binding energy has
been found [14].
In the present work, we calculate the exciton binding energies
due to heavy and light holes taking into account the dielectric
conﬁnement. The effect of exciton is described by the effective
potential between the electron and hole. The interband emission
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centrations with the inclusion of dielectric mismatch. In Section 2,
we brieﬂy describe the method and the model used in our calcula-
tions of obtained eigenfunctions and eigenenergies of exciton
states and interband emission energy. The results and discussion
are presented in Section 3. A brief summary and results are
presented in the last section.
2. Model and calculations
We assume an exciton conﬁned in a cylindrical Zn1xinMgxinSe
quantum dot with a potential barrier Zn1xoutMgxoutSe. The conﬁning
potential is considered to be zero and Ve(h) outside and this Ve(h)
depends on Mg content in Zn1xMgxSe. We estimate the exciton
binding energies and the interband emission energies for various
Vh,l and Ve. The computation of valence and conduction-band offset
is done by model solid approach [15]. The heavy hole and light hole
band offsets are calculated as the difference between the energies
at the top of heavy hole and light hole bands in Zn1xoutMgxoutSe and
Zn1xinMgxinSe. Similarly, conduction-band offset is calculated as
the difference between the energies at the bottom of the conduc-
tion bands in Zn1xoutMgxout Se and Zn1xinMgxinSe. Thus, the valence
band offset related to heavy holes in the Zn1xinMgxinSe=Zn1xout
MgxoutSe heterostructure interface is given by
DEv;hh ¼ DEBv ;hhðZn1xoutMgxoutSeÞ  DEDv;hhðZn1xinMgxinSeÞ þ dEv;hh
ð1Þ
where DEBv;hhðZn1xoutMgxoutSeÞ is the unstrained outer barrier mate-
rial in the dot, for which we have taken xout as 0.9 and for the inner
dot, we have linearly interpolated the other data taken from Table 1.
DEBv;hhðZn1xinMgxinSeÞ is the strained inner material in the dot and
dEv;hh, the shift in the heavy hole valence band energy due to strain,
is expressed as
dEv;hh ¼ avð2eþ ezzÞ  bðezz  eÞ ð2Þ
where av is the hydrostatic deformation potential in the valence
band, b is the shear deformation potential and strain tensors [16]
are given by
e ¼ aD  aB
aB
; ð3Þ
and
ezz ¼ 2C12C11 e ð4Þ
where aD and aB are the lattice constants of Zn1xoutMgxoutSe dot
barrier and Zn1xinMgxinSe dot material respectively. C11 and C12
are the elastic constants of the epitaxial layer material. Similarly,
the valence band offset for light holes is calculated as
DEv;lh ¼ DEBv;lhðZn1xoutMgxoutSeÞDEDv;lhðZn1xinMgxinSeÞ þ dEv;lh ð5ÞTable 1
Material parametersa used in the calculations.
Parameter ZnSe MgSe
me 0.114 0.202
c1 3.94 2.84
c2 1 0.43
e 9.4 8.2
a (nm) 0.567 0.591
C11 (GPa) 8.57 7.58
C12 (GPa) 5.07 4.86
a (eV) 1.65 1
b (eV) 1.8 1.27
ETg ðeVÞ 2.719 4
a [28].where dEv;lh, the shift in the light hole valence band energy due to
strain, is expressed as
dEv;hh ¼ avð2eþ ezzÞ  12D0 þ
1
4
bðezz  eÞ þ 12
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where D0 is the sin orbit splitting. The conduction-band offset is gi-
ven by
DEc ¼ DEBc ðZn1xoutMgxoutSeÞ  DEDc ðZn1xinMgxinSeÞ þ DEg
þ dEc ð7Þ
where DEg is the band gap energy and is given by [17]
DEg ¼ 1:15þ 0:87xþ 0:47x2 ð8Þ
and
dEc ¼ acð2eþ ezzÞ ð9Þ
The Ve and Vh are calculated using the following expression:
Vc ¼ EZn1xoutMgxout Sec  E
Zn1xinMgxin Se
c ð10Þ
Vh ¼ EZn1xoutMgxout Sehh  E
Zn1xinMgxin Se
v ð11Þ
where E
Zn1xoutMgxout Se
c and E
Zn1xoutMgxout Se
hh are the energies of the con-
duction and heavy hole bands in the barrier dot, E
Zn1xinMgxin Se
c and
E
Zn1xinMgxin Se
v are the energies of the conduction and heavy hole bands
in the inner dot.The Hamiltonian of an exciton with the effect of
electron–LO phonon interaction in a Zn1xinMgxinSe=Zn1xoutMgxoutSe
strained semiconductor heterostructure, within the single band
effective mass approximation, is given by
H
_
¼  h
2
2lþðxÞ
1
q
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eðrÞr
þ VeðzeÞ þ VhðzhÞ þ VPBðrÞ þ VKTðrÞ þ Eself ð12Þ
where e is the absolute value of the electronic charge, me;hðxÞ is the
Mg-dependent effective mass of electron and hole of ZnxCd1xSe, ze
and zh are the electron and hole co-ordinates along the growth
direction of the structure, Ve,h(x) is the Mg-dependent strain in-
duced conﬁned potential for electrons and holes, VPB(r) is the effec-
tive potential between an electron and a hole, VKT(r) is the effective
potential due to the effect of dielectric conﬁnement in the image
charge method [18] e(r) is the size dependent dielectric function
and r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q2 þ ðze  zhÞ2
q
. The l+ is the reduced mass of the exciton
given by [19], m0 is the free electron mass and me is the electron
effective mass. The parameter m+ is hole effective mass given by
1
mþ
¼ 1
m0
ðc1  2c2Þ ð13Þ
The electronic structure strongly depends on the radius of the
dot, the composition of Mg in ZnMgSe and on the dielectric sur-
rounding. The exciton binding energy is affected by the dielectric
conﬁnement and spatial conﬁnement. The size induced quantiza-
tion effects are imperative to study any quantum dot. Quantum
size effect occurs when the size of dot becomes comparable to or
smaller than the length scale of the electron and hole. The size
dependent dielectric function which was earlier proposed and
developed by Hanken [20] is given by [21]
1
eðrÞ ¼
1
e1
 1
e1
 1
e0
 
 1 expðr=qeÞ þ expðr=qhÞ
2
 
ð14Þ
where r is the mean electron–hole distance, e0 and e1 are the static
and optical dielectric constants and qe,h are given by [22]
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where hxLO is the LO phonon energy.
The effect of exciton and the LO phonon interaction is derived
by the effective potential (VPB) between the electron and hole along
with the self energy term (Eself) as given below. The quantum dot
conﬁnement effective potential of the electron and hole is given
by [23]
VPBðrÞ ¼  e
2
e  r
C4
B4
m

ehe
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exp  rAe
Re
 
þm

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 " #
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3r
2B3aex
 !
exp  rB
Rl
 
ð16Þ
where e ¼ ð1=e1  1=esÞ1, e1 and es are the optical and static
dielectric constants of the ZnSe material and Dm is the difference
in effective mass of electron and hole. When a dot material is
embedded on a barrier material, the ﬁeld effect caused by the
charge distribution will enhance the Coulomb interaction.
A charge inside a dielectric material produces a polarization as a
result of its Coulomb ﬁeld. Consecutively, the polarized surround-
ings will produce a counter ﬁeld at the location of the charge.
Eventually, the interaction of the charge with this ﬁeld stabilizes
the charge in the dielectric surrounding. The self energy term is
given by [24]
Eself ¼ ðaege þ ahgh  alglÞhxLO ð17Þ
where hxLO is the LO phonon energy. The calculation of other mate-
rial parameters in Eqs. (16) and (17) is followed from [19].
The effective potential due to the effect of dielectric conﬁne-
ment on the interaction between the electron and the hole is
calculated below. The effect of electron–hole conﬁnement in the
image charge method is given by the effective potential as [18]
VKTðrÞ ¼ 
X1
n¼1
njnj
es
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q2 þ ðzz  ð1Þnzh þ nLÞ2
q ð18Þ
where n ¼ ðews  ebs Þ=ðews þ ebs Þ and ews and ebs are the static dielectric
constants of the dot and the barrier material respectively. q is the
electron (hole) coordinate in the plane perpendicular to the cylinder
axis and L is the width of the cylindrical quantum dot.The electron
and the heavy hole subband energies are computed by numerically
solving the equation for a ﬁnite quantum dot potential. We have
chosen the trial wave function for the exciton ground state, within
the variational scheme. We take the problem of an exciton in a
Zn1xinMgxinSe=Zn1xoutMgxoutSe quantum dot within the single band
effective mass approximation, it is necessary to use a variational
approach to calculate the eigenfunction and eigenvalue of the Ham-
iltonian and to calculate the ground-state exciton energy using a
trial wave function with two variational parameters. Considering
the correlation of the electron–hole relative motion, the trial wave
function can be chosen as
Wðre;rhÞ ¼ Nfeðqe; zeÞfhðqh; zhÞeaq
2
ebz
2 ð19Þ
where N is the normalization constant, fe and fh are ground-state
solution of the Schrödinger equation for the electrons and holes in
the absence of the Coulomb interaction. The above equation de-
scribes the correlation of the electron–hole relative motion. a and
b are variational parameters responsible for the in-plane correlation
and the correlation of the relative motion in the z-direction respec-
tively. By matching the wave functions and the effective mass and
their derivatives at boundaries of the quantum dot and along with
the normalization, we ﬁx all the constants except the variationalparameters. So the wave function Eq. (19) completely describes
the correlation of the electron–hole relative motion.The Schröding-
er equation is solved variationally by ﬁnding hHimin and the binding
energy of the exciton in the quantum dot is given by the difference
between the energy with and without Coulomb term. First, we
concentrate on the calculation of the electronic structure of the
ZnMgSe quantum dot system by calculating its subband energy
(E) and subsequently the exciton binding energy. To calculate the
ground-state energies of the heavy excitons, we minimize the
expectation values of the Hamiltonian (Eq. (12)) calculated using
a trial function with two variational parameters (Eq. (19)).
The binding energy of the excitonic system is deﬁned as
EexcðxÞ ¼ Ee þ Eh  hHexcðq; zÞimin ð20Þ
where Ee,h is the sum of the free electron and the free hole self-ener-
gies in the same quantum dot.
The Hamiltonian of an exciton consisting of a single electron
part (He), the single hole part (Hh) and the Coulomb interaction
term between electron–hole pair is given by
HexcðxÞ ¼ He þ Hh þ Ve;h  e
2
ejrj þ Eself þ VPBðrÞ þ VKTðrÞ ð21Þ
where all the terms are deﬁned as earlier. The Mg-depended band
gap of Zn1xMgxSe is explained as earlier. It is inferred that the
direct band gap of ZnSe increases with Mg concentration linearly.
Thus the incorporation of Mg into ZnSe will signiﬁcantly change
its band gap. The ground-state energy of the exciton in the
Zn1xMgxSe quantum dot is calculated by using the following
equation:
Eexc ¼min
a;b
hwexejHexcjwexci
hwexc wexcj i
ð22Þ
The ground-state exciton binding energy Eb and the interband
emission energy Eph associated with the exciton are calculated
using the following equation
Eb ¼ Ee þ Eh  Eexc ð23Þ
Eph ¼ Ee þ Eh þ ECg ðxinÞ  Eexc ð24Þ
where Ee and Eh are the conﬁnement energies of the electron and
hole, respectively. ECg ðxinÞ is the Mg-dependent band gap energy of
Zn1xinMgxinSe material.
3. Results and discussion
The atomic units have been followed in the determination of
electronic charges and the wave functions in which the electronic
charge and the Planck’s constant have been assumed as unity. The
effective masses of the heavy and light holes in the z-direction are
calculated as m+ = 1/(c1–2c2) and m+ = 1/(c1 + 2c2), respectively.
All the relevant parameters have been obtained by linear interpo-
lation of ZnSe and MgSe parameters. TðZn1xinMgxinSeÞ ¼
ð1 xinÞTZnSeþ xinTMgSe, where T refers to various physical
parameters used in our calculations. All the values of material
parameters used in the present numerical calculations are linearly
interpolated from the date of ZnSe and MgSe given in Table 1.
Fig. 1 shows the variation of conduction (Vc), heavy hole (Vh),
light hole (Vl) and energy splitting between heavy and light hole
bands (Ehh–lh) in a Zn1xinMgxinSe=Zn1xoutMgxoutSe quantum dot as
a function of x for a constant radius, 100 Å. It is observed that both
Ve and Vh increase with Mg concentration. Vlh is found to be greater
than Vhh due to the induced tensile strain. Further, it is observed
that the lattice constant of the outer material (Zn1xoutMgxoutSe) is
greater than that of the inner dot (Zn1xinMgxinSe). Hence, the ten-
sile strain will be induced in the dot material. Also, the energy
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Fig. 1. Variation of conduction (Vc), heavy hole (Vh), light hole (Vl) and energy
splitting between heavy and light hole bands (Ehh–lh) in a Zn1xinMgxinSe=Zn1xout
Mgxout Se quantum dot as a function of xin for a constant radius, 100 Å.
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increasing xin due to the increase in induced compressive strain
[25].
Fig. 2 displays the variation of exciton binding energy as a func-
tion of dot radius of Zn1xinMgxinSe=Zn1xoutMgxoutSe quantum dot for
various Mg incorporations and the insert ﬁgure shows the exciton
binding energy as a function of Mg content for two different two
radii of a Zn1xinMgxinSe=Zn1xoutMgxoutSe quantum dot. It is observed
that the binding energy increases ﬁrst with decreasing dot radius
and it reaches the maximum value for a critical dot size and then
rapidly decreases when the dot radius is still reduced for all the
cases of Mg incorporation into ZnSe material. It is because an in-
crease in the dot radius results in a spreading of the wave function
which causes the lowering in binding energy and the contribution
of conﬁnement is dominant for smaller dot radii making the
electron unbound and ultimately tunnels through the barrier.20 40 60 80 100 120 140 160 180 200
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Fig. 2. Variation of exciton binding energy as a function of dot radius of
Zn1xinMgxinSe=Zn1xoutMgxout Se quantum dot for various Mg incorporations and the
insert ﬁgure shows the exciton binding energy as a function of Mg content for two
different two radii of a Zn1xinMgxinSe=Zn1xoutMgxout Se quantum dot.Eventually, the electron and hole wave functions penetrate into
the barrier for narrow dots. Moreover, the variation in Mg compo-
sition causes the increase in the barrier height of the quantum dot
and hence, the exciton binding energy increases with the Mg com-
position whereas the enhancement of exciton energy with the
reduction of dot radius is due to the spatial conﬁnement. All our
calculations include the effect of dielectric conﬁnement and the
size dependent dielectric function. The insert ﬁgure shows the
effect of geometrical conﬁnement and the Mg composition on
the exciton binding energy. It is observed that the exciton binding
energy for smaller dot is greater than larger dot radius and it in-
creases with the Mg composition.
Fig. 3 shows the variation of heavy and light hole exciton bind-
ing energy with and without the dielectric mismatch effect in a
Zn1xinMgxinSe=Zn1xoutMgxoutSe quantum dot as a function of dot
radius for xin = 0.1. Solid curve and dashed curve represent the hea-
vy and light hole exciton binding energy with and without consid-
ering the dielectric conﬁnement. The behavior of all the curves is
similar to Fig. 2. It shows the effects of PB potential including
dielectric mismatch. It is found that the exciton binding energy ob-
tained using static screened Coulomb potential is lower than the
exciton binding energy with the inclusion of effective potential.
It is observed that the dielectric mismatch effect enhances the
exciton binding energy. The exciton binding energy is enhanced
due to the dielectric conﬁnement and this effect occurs when there
is an important dielectric mismatch between the dot and its barrier
as it is in the case of experimental work often [26]. It implies that
the effect of dielectric mismatch on the exciton binding energy is
very important in low dimensional semiconductor heterostruc-
tures. Hence, it is concluded that dielectric conﬁnement due to im-
age charge potential enhances the exciton binding energy [27].
Fig. 4 displays the variation of heavy hole exciton transition en-
ergy as a function of dot radius for various compositions of Mg in
aZn1xinMgxinSe=Zn1xoutMgxoutSe quantum dot and the insert ﬁgure
shows the heavy hole and light hole transition energies as a func-
tion of Mg alloy for two different dot radii. All the calculations have
been made with the inclusion of dielectric mismatch. It is noted
that the interband emission energy decreases monotonically as
the dot radius is increased for all the Mg content. This is due to
the conﬁnement of electron–hole with respect to z-plane when20 40 60 80 100 120 140 160 180 200
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Fig. 3. Variation of heavy and light hole exciton binding energy with and without
the dielectric mismatch effect in a Zn1xinMgxinSe=Zn1xoutMgxout Se quantum dot as a
function of dot radius for xin = 0.1. Solid curve and dashed curve represent the heavy
and light hole exciton binding energy with and without considering the dielectric
conﬁnement.
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the insert ﬁgure shows the heavy hole and light hole transition energies as a
function of Mg alloy for two different dot radii.
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effect of bound exciton has an inﬂuence on the interband emission
energy. This representation clearly brings out the quantum size ef-
fect. The magnitude of the interband emission energy increases
with Mg incorporation into ZnSe material and it is more for all
the dot radii due to the increase in barrier height and the exciton
binding energy. The dependence of the excitonic transition ener-
gies for heavy and light holes on the dot radius and the Mg alloy
is brought out in the insert ﬁgure. It is observed that the heavy
and light hole transition energies for narrow dots increase with
the Mg composition due to the increase in exciton binding energy
with x whereas the light hole energy decreases with x for a wider
dot due to the domination of induced tensile strain. Further, it is
found that the energy separation between heavy and light hole
for a wider dot is more than the narrow dots. This induced tensile
strain paves the way for the removal of degeneracy of the valence
band of the Zn1xoutMgxoutSe dot at C point for the Mg alloy content
greater than 0.2.
4. Conclusion
In conclusion, it is found that the conduction and valence band
offsets in the Zn1xinMgxinSe=Zn1xoutMgxoutSe quantum dot hetero-
structure greatly depend on the Mg alloy content. The exciton
binding energy due to heavy and light holes depends on the dotradius, Mg content and the strain effect. We have calculated the
excitonic binding energies for heavy and light holes in a
Zn1xinMgxinSe=Zn1xoutMgxoutSe quantum dot by considering the ef-
fect of dielectric conﬁnement and it is found that the trend of light
hole exciton energy is similar to that of heavy hole exciton binding
energy. Due to the induced tensile strain, the transition energy per-
taining to light hole is lower than that of heavy hole excitonic tran-
sition energy. We hope that the investigated results are of great
interest in Mg based II–VI materials for the design of short-wave-
length optoelectronics devices, photodetectors and switching
devices.Acknowledgment
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